We demonstrate extremely narrow resonances for polarization rotation in an atomic vapor. The resonances are created using a strong control laser on the same transition, which polarizes the atoms due to optical pumping among the magnetic sublevels. As the power in the control laser is increased, successively higher-order nested polarization rotation resonances are created, with progressively narrower linewidths. We study these resonances in the D2 line of Rb in a room-temperature vapor cell, and demonstrate a width of 0.14 Γ for the third-order rotation. The explanation based on a simplified ΛV-type level structure is borne out by a density-matrix analysis of the system. The dispersive lineshape and subnatural width of the resonance lends itself naturally to applications such as laser locking to atomic transitions and precision measurements.
I. INTRODUCTION
Rotation of the plane of polarization of linearly polarized light as it propagates through a medium, known as optical rotation, is a well-known phenomenon that occurs because the medium has different refractive indices for the two opposite components of circular polarization. This difference (or birefringence) can be created in a variety of ways-for example, by use of a magnetic field in the phenomenon of magneto-optic rotation (MOR), which is called the Faraday effect when the applied field is longitudinal and the Voigt effect when the applied field is transverse.
Optical fields can also be used to induce anisotropy in an atomic medium-through optical pumping by circularly-polarized light [1] or by elliptically-polarized light [2] , or through resonant two-photon dispersion [3] , etc. In "two-level" systems (but with multiple magnetic sublevels due to degeneracy), the use of a counterpropagating circularly-polarized pump beam has been used to observe Doppler-free rotation resonances in what is called saturated-polarization spectroscopy [4] . In three-level systems, a control laser on an auxiliary transition has been used to control the state of polarization of a probe beam on a primary transition, both in laddertype [5, 6] and lambda-type [7] systems. In earlier work from our laboratory, we studied rotation in the presence of both a control laser and a magnetic field [8] , which we call coherent control of MOR. We found an interesting interplay between the two effects with regions of suppressed and enhanced rotation.
In this work, we study optical rotation of a linearlypolarized probe laser passing through atomic vapor, and observe resonances with widths significantly narrower than the natural linewidth Γ. The rotation is induced by a strong co-propagating circularly-polarized control laser driving the same transition, similar to the phenomenon of electromagnetically induced transparency and absorption (EITA). In both cases, the control laser modifies the susceptibility of the medium. But in EITA, it is the imaginary part of the susceptibility that plays a role because we are considering the absorption of the probe laser, while in the experiments here it is the real part of the susceptibility that is relevant because we are looking at the phase change of the probe laser.
The normal control-induced optical rotation, as has been used in earlier experiments [5, 8] , is caused because the control laser polarizes the atoms. This is due to optical pumping among the ground-state magnetic sublevels, so that all the population is in the extreme (stretch) sublevel. However, this rotation is generally not subnatural. As the power in the control laser is increased, it becomes important to consider the dressing of the states by the control laser. This results in narrow, subnatural resonances appearing nested within the primary rotation spectrum.
We study these resonances in the D 2 line of 87 Rb in a room temperature vapor cell, using the F = 2 → F ′ = 3 hyperfine transition. The relevant sublevels after optical pumping form a ΛV-type system. But the dressedstate separation for the two sets of levels coupled by the control laser are different because of the different relative strengths of the two transitions. This is the underlying reason for the appearance of the higher-order rotation signals, an explanation that is borne out by a density-matrix calculation of the ΛV-type system. Both the second-order and third-order rotations are subnatural, with widths as small as 0.9 Γ and 0.14 Γ respectively.
II. EXPERIMENTAL DETAILS
A schematic of the experiment is shown in Fig. 1 beam is apertured to a circular size of 2 mm so that it overlaps near the center of the control beam. The power in each beam is controlled independently by using a halfwave retardation plate in front of a polarizing beamsplitter cube (PBS). The probe beam is locked to the F = 2 → F ′ = 3 hyperfine transition of 87 Rb using polarization spectroscopy in a vapor cell. The control laser is scanned around the same transition.
The probe beam is linearly polarized, while the control beam is right-circularly polarized. The two beams co-propagate through a cylindrical room-temperature Rb vapor cell of dimension 2.5 cm × 5 cm, with a small angle of about 10 µrad. The cell has pure elemental Rb with no buffer gas and no anti-relaxation coating on the wall. It is placed inside a magnetic shield, which reduces the ambient field to less than 0.5 mG. The probe beam is separated into its horizontal and vertical components using a PBS, and the two components are detected using photodiodes. The halfwave plate before the PBS is used to balance the two photodiode signals (by making the polarization roughly at 45
• ) in the absence of the control beam but with all the other optical elements in place, so as to account for residual rotation due to any birefringence at the cell walls and other surfaces. The rotation angle is calculated from the two photodiode intensities as:
III. EXPERIMENTAL RESULTS
A typical rotation spectrum in the presence of the control beam is shown in Fig. 2 . The scan axis is shown as the relative detuning between the probe and control lasers, though in the experiment only ∆ c is varied while ∆ p is fixed at 0. There are three regions, as shown in the three panels of the figure. First, at a low control power (corresponding to a maximum Rabi frequency of 0.8 Γ at the center of the beam), we get the first-order optical rotation (OR1), which, as explained before, is due to the different control-induced susceptibilities for the σ + and σ − components of the probe laser. Second, at a slightly higher power of 1.4 Γ, a narrower second-order optical rotation signal (OR2) nested within the previous one begins to appear. The OR2 signal has an opposite sign from the OR1 signal. The third-order rotation signal (OR3) appears when the power is increased further beyond 2.1 Γ. The signal (OR3) is narrower still, and is nested within the other two signals. It has the opposite sign compared to the OR2 signal, and the same sign as the OR1 signal. Thus, each successive rotation has the opposite sign compared to the previous one. At the power where the OR3 signal starts to appear, the positive and negative peaks of the OR2 signal become slightly unequal and its lineshape becomes a bit asymmetric.
Zoomed-in versions of the higher-order rotations are shown in Fig. 3 . The spectra are taken at a slightly lower Fig. 2 . The circles represent the measured spectra, and the solid lines are curve fits to a dispersive lineshape along with a linear part to account for the previous rotation signal on which it is nested, as described in the text. The maximum control Rabi frequency at beam center, and the linewidth from the curve fit are listed.
power compared to that used for the earlier figure. The circles represent the measured spectrum, while the solid line is a curve fit to the following equation
i.e. a dispersive lineshape of width Γ, along with a linear part to account for the previous rotation within which each signal is nested. Both the OR2 and OR3 signals are well described by this lineshape. More interestingly, the OR3 signal has a subnatural width of only 0.14 Γ (0.82 MHz), which is 2 to 3 times smaller than the linewidth seen in EITA experiments on the same system [9] . In addition, the dispersive lineshape lends itself naturally to applications such as tight locking of lasers to an atomic transition without modulation. Note that this linewidth is obtained even though the probe laser is locked to a much broader resonance (with width of 2 to 3 Γ). Thus, if the resonance were to be used for laser frequency stabilization, the scanning laser will be stabilized to a narrower resonance than otherwise. The linewidths obtained from the curve fits to the three different rotation signals are shown in Fig. 4 . They are plotted as a function of the maximum control Rabi frequency. The error bars give an idea of the signal-to-noise ratio in each case. As explained before, the control power has to be high enough for the different rotation signals to appear. As a result, the OR2 signal begins to appear only after Ω c = 0.9 Γ, while the OR3 signal begins to appear after a still higher power of Ω c = 1.6 Γ. The width of the OR2 resonance is subnatural when it first appears, but becomes larger than Γ after Ω c = 1.2 Γ. On the other hand, the OR3 resonance remains subnatural over the entire range studied. This demonstrates the power of using this signal for precision measurements.
IV. THEORETICAL ANALYSIS
In order to understand the observed rotation signal, we have done a density-matrix analysis of the sublevel structure. Due to optical pumping by the circularlypolarized control laser, the entire population is in the extreme |F = 2, m F = 2 sublevel. Therefore, the level structure simplifies to the ΛV-type system, as shown in Fig. 5 . The relevant sublevels in the simplified system are labeled |1 to |4 , so that the control laser couples the |1 → |3 and |2 → |4 transitions, while the probe laser couples the |2 → |3 transition for its left-circular component and |2 → |4 transition for its right-circular component. It is important to note that the dressedstate separation (equal to the AC Stark shift) is different for the two transitions because they have different Rabi frequencies, as determined by the respective ClebschGordan coefficients. This is shown schematically (not to scale) in Fig. 5(b) .
The decay rate of the excited levels |3 and |4 is taken to be 2π × 6 MHz, corresponding to the linewidth of the 5P 3/2 state. Decayed atoms from these levels are added to the populations in the ground levels |1 and |2 with the corresponding branching ratios. The relaxation rate of coherence between these ground levels is taken to be 2π × 0.1 MHz, in order to account for the finite linewidth of the control laser and transit-time broadening [10, 11] . The various density-matrix elements in steady state and using the rotating-wave approximation are calculated following the procedure given by one of the authors in Ref. [12] . This procedure is similar to calculations done before in N -type systems [13] and doubly-driven V-type systems [14] .
Since the rotation is due to the difference between the real part of the susceptibilities for the σ + and σ − components of the probe, it is proportional to Re[ρ 24 − ρ 23 ]. With the strong control laser on the |2 → |4 transition, the weak probe laser has negligible effect on ρ 24 . Hence, the measured rotation is entirely due to Re[ρ 23 ]. The calculated value of this quantity for different values of control-Rabi frequency is shown in Fig. 6 . Consistent with our experimental results, the calculation reproduces the appearance of three rotations as the control power is increased. Each higher-order rotation is nested within the previous one and has the opposite sign, exactly as observed experimentally. Similar to EIT experiments, the linewidth-of order few MHz-is determined by the decoherence and interference of the dressed states, and not the decoherence of the lower levels which are taken to have a fixed decay rate of 2π ×0.1 MHz. But the model does not reproduce the slight asymmetry of the lobes observed in the experiment for the second-order rotation at high control powers, as seen in Fig. 2 . This is probably because of the presence of the nearby F ′ = 2 hyperfine level of the 5P 3/2 state, which is not included in our model. Similar asymmetry has been seen in earlier rotation experiments on Λ-type three-level systems [7] , and has been attributed to the different strengths of the transitions involved. We expect a similar difference in strength for the F = 2 → F ′ = 2 transition.
V. CONCLUSION
In summary, we have studied polarization rotation of a linearly-polarized probe beam passing through Rb vapor in the absence of any magnetic field. The transition used is the F = 2 → F ′ = 3 hyperfine transition in the D 2 line of 87 Rb. The rotation is induced by a strong circularlypolarized control laser driving the same transition, with the quantization axis set by its direction of propagation.
The control laser plays a similar role as that in EITA experiments in the sense that it is used to modify the properties of the medium for the probe laser, but the difference is that EITA experiments depend on controlinduced modification to the absorption in the medium (imaginary part of the susceptibility) whereas rotation experiments depend on control-induced modification to the dispersion in the medium (real part of the susceptibility). The lineshape of the rotation resonance is therefore dispersive.
The experimental spectra show a primary rotation signal at low control powers. Two higher-order rotations appear nested within this signal as the power is increased. The third-order rotation signal starts appearing when the control Rabi frequency increases beyond 1.5 Γ, and has a subnatural linewidth as small as 0.14 Γ. The explanation is that, due to optical pumping among the ground-state magnetic sublevels by the control laser, all the population is in the extreme sublevel. The complicated sublevel structure then simplifies to a ΛV-type system. The different rotation signals arise because of dressing of the sets of levels coupled by the control laser, in conjunction with the different dressed-state separations because of the different transition strengths. This explanation is borne out by a density-matrix analysis of the ΛV-type system. The dispersive lineshape and subnatural linewidth make the higher-order resonances suitable for a variety of applications in precision measurements.
